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On the Formation and Properties of a High-Temperature
Resin from a Bisphthalonitrile

P. 1. BURCHILL

DSTO, Materials Research Laboratory, PO Box 50, Ascot Vale, Victoria 3032, Australia
.,• ,Accesion For
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SYNOPSIS Unannounced -

When 4,4'-bis(3,4-dicyanophenoxy)biphenyl is heated with small amounts of aromatic Justification

amine or amidine salts, a highly crosslinked polytriazine is obtained. This polymer has
been shown to be the same as that reported when bisphthalonitriles are heated with amines. By .........
Salts promote this reaction more readily and the glass transition temperature of the polymer Distribution I
after post-cure at 315 0C is generally 30*C higher than when free bases are used. The
fracture properties and elasticity of the salt-cured polymer have been measured at tem- Availability Codes
peratures up to 250*C. As a inodel system, the self reaction of phthalonitrile promoted by Avln o
amines and their salts has been studied. In both cases, poly[4- (2-cyanophenyl) -,3,5- ist Avail andor
triazine-2,6-diyl-1,2-phenylene] is produced, and more efficiently using the salts. A reaction Special
mechanism for this polymerization has been proposed. © 1994 John Wiley & Sons, Inc.
Keywords: bisphthalonitrile * cure catalysis • polymerization mechanism * polymer prop-
erties W -t

INTRODUCTION and their salts and shown that high degrees of po-
lymerization can be achieved. Organic reducing

Bisphthalonitriles were first considered as precur- agents such as hydroquinone have been used to pro-
sors for the synthesis of high temperature resistant mote the reaction,"3 but in this case they have the
polymers over 30 years ago by Marvell and Martin' disadvantage that the large amount of co-reactant
when they attempted to produce a network of linked does not get incorporated into the polymer structure.
phthalocyanine units. Their monomer, bis (3,4-di- This problem can be avoided by using a reducing
cyanophenyl) ether, gave material which had only agent which also contains a phthalonitrile group, as
two or three linked units under their best conditions. has been demonstrated by Pascal and co-workers ' 4

Believing that this low reactivity was due to inflex- who used 3,4-dicyanobenzhydrol in their polymer-
ibility in the monomer, many workers have syn- izations.
thesised and polymerized new monomers with chain Much more stable polymers were obtained by
lengths up to C1s between the phthalonitrile heating the bisphthalonitrile monomers alone at

S ends.2-1° Such spacer groups as aliphatic di-amides 2800C for 6 days.'5 Keller and Price"6 then found
and ethers, fluorinated hydrocarbon chains, and that a reaction could be promoted by small amounts
small polyphenyl ethers have been tried, and greater of primary amines at 2400C, and the reaction time
reaction appears to be evident. Finely divided tran- with a post-cure at 315*C could be reduced to 48 h
sition metals or their salts were used to provide the though this has not been optimized.1 7 This reaction
necessary two electrons to form the phthalocyanine (Scheme 1) was believed to give a polyisoindolenine
macrocycle. The polymers, however, were found to since phthalonitrile is known to react with ammonia
have poor resistance to heat in an oxidizing atmo- and amines to yield aminoisoindolenines."' The
sphere due to metal-catalyzed oxidation. Wohrle and aminoisoindolenine group at the end of the chain
co-workers"'"2 have thoroughly studied the forma- was thought to be a reactive self-propagating chain
tion of these poly(phthalocyanine)s using metals end. It appeared that all that was necessary to pro-

miote polymerization was an active hydrogen source
Jal of Polyume Scr. Pat A. Polymer chemstry, Vol.2, 1-8 (1994) since phenols2 are also effective. Thus, the bis-
© 194 Jo wiby & s I. ccc 0m7T24X//o1o0o01-0 phthalonitriles were considered to react as difunc-
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unlike the triazine, is very soluble in common or-

RN 2 ganic solvents such as benzene and acetone. The
triazine was identified by its infrared and NMR
spectra which have been published by Snow et al."3

CmN The yellow glass gave an infrared spectrum very
similar to that of TCPT with absorptions at 1520
and 1357 cm-' due to the triazine ring, and a cyanide
absorption at 2220 cm-'. The "3C-NMR spectrum

SCýN of the glass confirmed the presence of a cyanide
group at a different chemical shift to those in
phthalonitrile. In addition, the resonances assigned
to cyanide and the triazine ring for both the glass
and TCPT had similar chemical shifts. The proton
NMR spectrum of the glass also showed a strong

O CC downfield shift of an aromatic proton which has also
been reported before for TCPT and assigned to the

R R proton on the 2-cyanophenyl groups ortho to the

NH N triazine ring.'3

N Thin-layer chromatography of the yellow glass
on silica gel showed that it was a mixture. This mix-

N N ture was crudely fractionated by column chroma-
tography on silica gel and the infrared spectra of all

fractions were found to be very similar. Slight dif-

NH NH2  ferences in the relative intensities of the cyanide
and triazine absorptions were observed as the chro-

Scheme 1. Formation of a poly (isoindolenine). matographic mobility of the components decreased.
Chromatographic analyses also showed that the in-
frared absorptions due to cyanide and triazine groups
of the glassy material obtained from these model

tional monomers to yield a highly crosslinked poly- reaction studies were not due to dissolved TCPT or
isoindolenine. unreacted phthalonitrile, so confirming the ' 3C-

Because of the uncertainty regarding the struc- NMR analysis. Thus, it appears that the major
ture of these polymers, phthalonitrile/aniline as a product is a mixture of oligomers with the most likely
model system has been studied and compared with structure being that shown in Figure 1, poly[4- (2-
the amine promoted reaction of 4,4'-bis(3,4-dicy- cyanophenyl) -1,3,5-triazine-2,6-diyl-1,2-phenyl-
anophenoxy)biphenyl (BCPB). These investiga- ene]. Polymerization is proposed to take place
tions led to the use of amine and amidine salts to through the 2-cyanophenyl substituents of the ini-
promote the reaction, and some mechanical prop- tially formed triazine also reacting with phthaloni-
erties of the amine salt-cured bisphthalonitrile are trile.
given.

RESULTS AND DISCUSSION D \C N CJQ

Model System N , II * II N

When phthalonitrile and aniline (20: 1 w/w) were 6N ) 6
heated together in a sealed evacuated tube at 2400C
for 24 h, three products were recovered. A trace of

phthalocyanine is formed, a small amount of tris (2-
cyanophenyl)-1,3,5-triazine (TCPT), and the re- Figure 1. Poly [4- (2-cyanophenyl) -1,3,5-triazine 2,6-
maining 60% was a yellow glassy material which, diyl 1,2-phenylene].
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Reaction with Amine Salts Polymerization of 4,4'-Bis(3,4-

Generally organic cyano compounds do not react dicyanophenoxy)biphenyl

with amines unless the cyano group is activated by During cure of this monomer using 1,3-bis(3-ami-
electron-withdrawing groups; in this case an amidine nophenoxy) benzene (APB) as initiator infrared
is formed.23 Acids may also activate the cyano group spectra show the development of new absorptions
towards nucleophilic attack by an amine.24 Oxley at 1520 and 1357 cm-' due to triazine, and a decrease
and Short2" showed that amidines could be easily in the nitrile absorption at 2230 cm-1 with a shift
obtained from aromatic cyanides by heating them to 2220 cm-'. This decrease in intensity of the nitrile
with an excess of an aromatic primary amine salt. absorption relative to an absorption at 1008 cm- 1 is

4 Similarly, the amidine group as part of a nitrogen shown in Figure 2. Even after cure at 240*C for 24
heterocycle is produced in the intramolecular cycli- h -:st-cure at 315'C for 24 h, the nitrile ab-
zation of w-amino-1-cyanoalkanes when heated as L n- A -ut 30% of its original intensity. Figure
their hydrochlorides.2 6 3 soiows ..e infrared spectrum of the post-cured

When phthalonitrile was heated with the salt, polymet Th, effect of post-cure was an increase in
aniline p-toluenesulfonate, under the conditions the intei.sity of the absorptihns ascribed to triazine
described in the previous section, the same reaction and a decrease ip the nitrile absorption. Assuming
products were recovered. A reaction route (discussed no changes in the extinction coefficients, one-third
in more detail later) for polymerization and for- of the cyanide groups remain unreacted which is
mation of triazine rings is shown in Scheme 2 in what would be expected if polymer with the general
which an amidine salt chain end is the propagating structure given in Figure I is formed. Firther re-
species. The same scheme without the ions applies action of these cyanide groups to give triazir-e ap-
to the reactions using free bases. Cyclization to pro- pears to be unlikely due to steric hindranx; Evi-
duce triazine eliminates the initial salt which is freed dence of the formation of triazines during the early
to initiate a new reaction sequence. Polymerization stages of reaction was found by spectral subtrrction.
is through the 2-cyanophenyl substituents on the To obtain this a spectrum of the glassy form of the
initially formed triazine. The same products were monomer was required (Fig. 4) since cooled reaction
obtained using benzamidine hydrochloride and N- mixtures were glasses. The difference spectra showed
phenylbenzamidine p-toluenesulfonate to initiate no additional peaks other than those assigned to
the reaction. The yield of TCPT when salts were triazine, and thus showed that the initial product
used was about half that produced with the free bases was spectrally the same as the product after post-
which is probably due to the 2-cyano groups reacting cure. Thus these triazines are also formed in the
much more readily with the salt. earliest stages of the reaction.

+ + NH2R' NR'
NH R' /RC=N R-C. R-C\

NH + NH3

RC; N

N~R NR'+NW + RC=N // +
IR-C NH

R-C NH \ 3
N- C %N NR

RR

RChm NH r
/N'I II

R-C N -4 TRIAZINE & N",R'
\ /
N=C

R

Scheme 2. Formation of a triazine.
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MINUTES Figure 4. Infrared spectrum of the glassy form of 4,4'-
bis ( 3,4-dicyanophenoxy ) biphenyl.

Figure 2. Change in the intensity of the nitrile absorp-

tion relative to the adsorption at 1008 cm-' during cure
at 240 0C. above 250°C. Analysis of the exotherm peak position

at various scanning rates gave an activation energy
When an amine salt is used the same polymer as of 82 kJ mol -'. A similar study using phthalonitrile

indicated by its infrared spectrum is produced in with APB showed a similar exotherm and an acti-
much shorter time. Figure 5 gives the glass transition vation energy of 78 kJ mol- 1 was obtained. The first
temperature change with reaction time for amine trimerization step is felt to be responsible for this
and amine salt promoted reactions. The molar con- exotherm, and that this triazine reacts more slowly
centration of amine was - that of the monomer, to produce the polymer.
while the salt was at - of monomer in these exper-
iments. Post-cure at 315*C raised the glass transi- Mechanical Properties
tion temperature of these polymeric products to 245
and 290°C, respectively. The reaction is just as ef- Some of the mechanical properties of resins from
fectively promoted using an amidine salt such as N- amine and phenol promoted cure of bisphthaloni-
phenylbenzamidine p-toluenesulfonate, and Table triles have been reported before. 2', A study has been
I gives the final glass transition temperatures of made of the amine salt-cured material and the re-
several amine and amine salt promoted reaction sults are given in Table II. The room temperature
products. The polymerization appears to go further values are similar to those reported before for amine-
towards completion using a salt. In all cases the cured material. The brittle fracture toughness is
polymers formed are intensely green which is most lower at 2000C as expected due to the decrease in
likely due to the formation of phthalocyanines from modulus. At 2500C the double torsion fracture test
traces of impurities acting as reducing agents. used shows stick-slip behavior which indicates the

A differential scanning calorimetry study of the
APB-catalyzed reaction revealed a weak exotherm

_:_200_"__-_ _Amine Salt

S100 Amine

0

44 0
0 10 20 30 40 50

4W 0w 0 i5b)0 1(100 910 HOURS
Wavenumber cm-i Figure 5. The glass transition temperature change with

Figvu S. Infrared spectrum of the post-cured resin, reaction time for amine and amine salt promoted reactions.
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Table I. Cure of 4,4'-Bis(3,4-Dicyanophenoxy)biphenyl: Variation
of Glass Transition Temperature with Curing Agenta

Glass Transition
Temperature

Curing Agent (OC)

1,3-Bis(3-aminophenoxy)benzene 256

1,3-Bis(3-aminophenoxy)benzene p-toluenesulfonate 302
p-Phenylenediamine p-toluenesulfonate 294

4 Bis(4-aminophenyl)methane 263
Bis(4-aminophenyl)methane hydrochloride 289
Toluenesulfonic acid monohydrate 295
2,2-Bis(4-hydroxyphenyl)propane 173

'Cure conditions: 16-24 h at 240°C and 7-24 hours at 315°C.

material is becoming more ductile as its glass tran- isoindolenines from phthalonitrile indicate that a
sition temperature is approached, and the critical catalyst is required,' the amine is present in greater
stress intensity factor (Kic) and strain energy re- than stoichiometric amounts, and the products re-
lease rate (Gic) values increase. This resin would covered are NN'-disubstituted Alls and ammonia.
appear to be suitable for use at temperatures up to Isoindolenines were also reported in the reactions
at least 250*C which could probably be raised further of phthalonitrile and pyromellitonitrile when stoi-
by post-curing at higher temperatures in an inert chiometric amounts of diamines were used to give
atmosphere since it has already been shown that polymers and macrocycles.2'
such treatment will increase the glass transition An alternative route to the formation of All from
temperature of bisphthalonitrile polymers.' phthalonitriles could be reaction of both cyanide

groups to give a bisamidine which cyclizes very rap-
idly with elimination of ammonia. However there

Reacion Mechanism has been no report of isolation or formation of an
amidine from a phthalonitrile. At very low concen-

The polymerization of the bisphthalonitrile appears trations of amine the chance of both cyanide groups
to be similar to the model system and results in ex- reacting is minimal and so isoindolenine formation
tensive triazine ring formation. Keller' had also by this route is unlikely. The evidet ce suggests that
proposed the existence of triazine structures in the the mono-amidine reacts more readily with a nitrile
polymer on the grounds that there are residual cyano on another phthalonitrile group than intramolecu-
groups even after post-cure at 500C. Amines had larly which would not be unreasonable since an
been proposed to react with the cyano groups and amidine group would deactivate an adjacent cyano
with concurrent cyclization a 3-amino-l-imino- group. Oxley and Short's works shows that these
isoindolenine (All) produced. The All was then types of reaction occur more readily if there are
considered to react with another phthalonitrile electron-withdrawing substituents on the benzene
group to give chain extension and regeneration of ring to activate the cyanide group. After reaction of
the aminoisoindoleine end. Reports of formation of three phthalonitrile groups cyclization occurs to give

a triazine as shown in the Scheme 2. Formation of

Table 11. Mechanical Properties of Phthalonitrile triazines from aromatic nitriles is well known,w°u

Resin Produced Using p-Phenylenediamine and this reaction is catalyzed by toluenesulfonic
p-Toluenesulfonate acid,'4 in this work Hsu showed that high yields of

the triazine can be obtained with activated nitriles
Temperature such as p-cyanobenzoic acid.

In the proposed Scheme 2, the formation of the
Property 24°C 200°C 250°C amidine groups occurs via initial protonation of the

cyano group nitrogen followed by nucleophilic attack
K, MN m-8/2 0.82 0.65 0.82 by free base at the carbon. The greater degree of
0, J Mi, 164 127 236 polymerization using salts would be due to the easier
E, GPa 4.1 3.3 2.9 reaction of the 2-cyanophenyl groups through pro-
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tonation and reaction with base than with base a network of linked triazine rings. Model systems
alone. Acid-catalyzed trimerization suggests that suggest that after the first involvement of a phthal-
protonated cyano groups may also undergo nucleo- onitrile group in triazine formation, the residual cy-
philic attack by other cyano groups even though ano groups also react and in this way a high crosslink
these are very weak bases. However, in the typical density is acquired and so a high glass transition
reaction conditions with acids small amounts of wa- temperature. This second stage of the reaction is
ter initially present could provide the necessary base more efficiently promoted with amine salts because
from hydrolysis of the cyano group. of the reduced reactivity of the cyano groups. These

Scheme 2 is supported by production of triazines reactions are most likely to be acid catalysis of the
when an amine salt is used with other aromatic ni- nucleophilic addition of a base to a cyano group.
triles. With benzonitrile heated to 250°C with 5%
of aniline p-toluenesulfonate a 4% yield of 2,4,6- EPRMNA
triphenyl-l,3,5-triazine is obtained after 10 days. EPRMNA
Similarly when isophthalonitrile was heated for a
week at 2500 C with the aniline salt a 25% yield of Maeil
a crystalline triazine melting at 376°C was obtained. Bis ( 3,4-dicyanophenoxy) -4,4'-biphenyl was ob-
Also recovered were about 20% of the initial weight tained from the Eastman Kodak Co. N-phenylben-
of isophthalonitrile as soluble triazine oligomers and zamidine was obtained by the method given by Rab-
the remaining material was unreacted isophthal- john from the reaction of aniline with benzonitrile.35
onitrile. The crystalline triazine is most likely to be p -Toluenesulfonate salts were prepared by slow ad-
tris( (3-cyanophenyl) -1,3,5-triazine, and its infrared dition of stoichiometric methanol or isopropanol
spectrum is given in Figure 6 showing the triazine solutions of the amine or amidine to a similar so-
absorptions at 1528 cm-' and the usual 1360 cm-' lution of the acid. The precipitated product was col-
peak as a doublet at 1368 and 1350 cm-1 . The dif- lected, washed with solvent, and dried. Hydrochlo-
ference in behavior of isophthalonitrile is due to the rides were prepared by passing hydrogen chloride
meta cyano groups not being as activated towards gas into a solution of the base.
nucleophilic attack as ortho cyano groups, and sim-
ilarly in the triazine product the meta cyano group Amine and Amine Salt Catalyzed Reactions of
is not as activated by the electron deficient triazine Nitriles
ring as an ortho cyano group would be.

Recrystallized and dried phthalonitrile (1 g) and
aniline (0.05 g) were placed in a glass tube which

SUMMARY was quickly evacuated and sealed and then placed
into an air-circulating oven at 250 0 C. The initially

Bisphthalonitriles when heated with small amounts pale yellow liquid turned green during the first hour,
of reactive hydrogen sources, such as amines, ami- and after 2-3 h a solid began to separate. After 24
dines and their salts, and phenols polymerize to yield h the tube was broken and the mixture extracted in

a hot soxhlet with benzene. After extraction all that
remained in the extraction thimble was a small
amount (20 mag) of a dark blue compound--a
phthalocyanine. The yellow benzene solution was

S~evaporated to dryness and the product heated with
V a small amount of methylene chloride. The insoluble

S~portion was collected and identified by its infrared
I• spectrum13 as tris( (2-cyanophenyl) -1,3,5-triazine

om (TCPT), yield 400 mg. The soluble fraction was

.0 analyzed by thin-layer chromatography on silica gel
S• | _ _using benzene /acetone ( 10 : 1 v/v) as eluent. Fur-

Sther fractionation was achieved by column chro-
4000 300 20 00 00 matography on silica gel (Merck Kieselge1 60) using

Wavenumber cm-i1 benzene and benzene/acetone mixtures. Similar re-

Figute 6, Infrared spectrum of the crystalline product actions were performed using aniline p-toluenesul-
from the self condensation reaction of 1,3-dicyanobenzene: fonate, p-phenylene diamine p-toluenesulfonate,
tri( (3-cyanophenyl )-l,3,5-triazine. benzamidine hydrochloride, N-phenylbenzamidine,
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and its p-toluenesulfonate salt as catalysts and the finite thickness to width ratios.3 The material mod-
yields of TCPT were about 200 mg. Other nitriles ulus (E) was calculated from the relationship
used were benzonitrile and 1,3-dicyanobenzene and
triazines were recovered and identified. K 2 = GE

The author acknowledges the opportunity to do this work
Polymerization of Bis(3,4-dicyanophenoxy)-4,4'- while on secondment to the Naval Research Laboratory,
biphenyl (BCPB) Washington DC, and is thankful for the support given by

W. Moniz, T. Keller, and A. Snow through their interest

To obtain void free specimens for double torsion in the project, and for the assistance of Antonietta Giglio.
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